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ABSTRACT 

A new technique for semiconductor device processing is described that uses optical energy to 
produce local heaUng/meltmg in the vicinity of a preselected interface of the device. This 
process, called Optical Processing, invokes assistance of photons to enhance interface reactions 
such as diffusion and melting, as compared to the use of thermal heating alone Ooticd 
processing is performed in a "cold wall" furnace, and requires considerably lower energies than 
iW? 06 ° r rap j? anncalin 8- 11115 technique can produce some device structures with 

ann?ic^iKn« P n7rwi p ™ duced b y conventional thermal processing. Some 

applications of Optical Processing revolving semiconductor-metal interfaces are described. 

INTRODUCTION 

?±£i 0n ° f electro “ c devices requires process steps such as diffusion, oxidation, and contact 
formation During these process steps the desired reactions take place only at the interfaces 
For example re a junction formation process the dopant diffusion may take place only a fraction 

thnf, ^hth° n dC f P; hkewise .’ 05ade5 are typically grown less than 1000A thick (1^3) Even 
though the reactions are primarily limited to interfaces, the conventional approach for carrying 
out vanous device fabrication process steps involves heating the entire wafer in a fumac^to thf 
process temperature. A recent method, rapid thermal annealing (RTA), also heats the entire 
wafer nearly isothermally; however, due to the use of optical heating, the rate-of-increase in die 
temperature can be very rapid (4). Thus, in spite of the fact that the device fabric^ often 
equires reaction^) to take place only near the surface or interfaces, the methods developed 

Aat *5 Cntlre Wafer be heated - An y attempts to locally heat the materially 
producing large steady-state temperature gradients can generate large stresses and hence 
produce defects in the material or even shatter the process wafers. The only somewhat 
successful approach for local heating consists of heating by means of very short pulses from a 

Even T lth 1 1 aserbeatin g> onl y Ae front surface can be legally heated, 
hi oh dsadvantages su ^ h ^ *° w throughput, long coherence length of the laser light, and 

high cost of laser processing, this technology is still in the research mode. 

^Xf'f deSCribeS a ^ neW pr ^ essi ? g technique that can preferentially deliver energy to an 
reterface of a semiconductor (S) and a metal (M), even if the interface is deep inside the material 
The energy delivered to the reterface can be controlled to modify the interface characteristic? 

fa? fJSinITSf f * lS ° f w* ^ aper , 1S -° describe 50me applications of this processing technique 
for formation of low-resistivity ohmic contacts on semiconductors with some unique properties. 

OPTICAL PROCESSING 

!"9 ptical ^sing, the S-M interface is illuminated from the semiconductor side with a 
that Ae ™ a J°. r part ° f 1,16 hght reaches the interface. The incident light produces 

^thfctoe 8 ss a onhe P mS ? nr . dlffasio1 ? “d** meltin S> in the vicinity of tiie interface, 

ine “uckness of the melt or the diffusion depth can be controlled by controlling the enerev 

t'ZTu to ^ device. The local melt can be generated to form an alloyed region that regrows 
epitaxially on the silicon substrate and produces an ohmic contact of extremely low contact 
resistivity. The energy delivered to the device can also produce bulk heating uf induce other 
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predetermined thermal effects. The interface reaction is strongly diminished if the S-M interface 
is not directly illuminated. 

Optical Processing and Rapid Thermal Annealing (RTA) differ in the basic mechanisms involved 
in each process . In Optical Processing the reaction at the interface is assisted by photons. 
Hence, the reaction occurs predominantly at the illuminated interface; the same reaction is 
greatly slowed if the interface is masked. In contrast, a typical RTA is a thermal process that 
cannot discriminate between the front and the backside of the device since such a process is 
completely thermally controlled [4], 

Optical Processing can be best understood by an example of its application. Here we will 
consider an example of simultaneous formation of ohmic contacts to a silicon solar cell. 

FABRICATION OF CONTACTS ON SOLAR CELLS 

Fabrication of low-resistance metal contacts on solar cells requires sintering and alloying of the 
S-M interfaces to produce the desired ohmic characteristics. In the fabrication of a typical n+/p 
solar cell, the back metal must by alloyed to have a low-resistivity contact on the higher- 
resistivity base region, while the front contact must be only mildly sintered to prevent metal from 
punching through the highly doped emitter, and the depletion regions. The need for different 
processing conditions for the front and back contacts necessitates several process steps, the 
number depending on the method of metal deposition (e.g., plating, screen printing, or 
evaporation). As an example, Table 1 shows the typical steps involved in a conventional process 
using evaporated aluminum to make contacts on both sides. Also indicated in the table are the 
process steps for making the contacts by optical processing, as discussed below. 

Table I; Comparison of process steps for fabricating contacts to solar cells using conventional 
methods and Optical Processing (this example uses A1 on both sides). 

FURNACE ANNEAL OR RTA OPTICAL PROCESSING 

1 Deposit A1 on back side Deposit A1 on front and back 

2 First alloy Sinter/alloy 

3 Strip excess A1 in HC1 
then 

Rinse in DI water; dry 

4 Dil. HF dip (or fume) 

5 Deposit A1 on front 

6 Sinter front A1 

7 Deposit additional A1 on back 

Figure 1 illustrates the structure of an n+/p solar cell which has a thin layer of A1 deposited on 
the entire backside and narrow A1 pads on the front side. In order to produce high quality 
contacts to the cell, the back contact must be alloyed without alloying the front. To accomplish 
this the cell is placed in an Optical Processing Furnace (OPF) with the junction side upward, as 
shown schematically in Figure 2. The OPF consists of a quartz muffle that is illuminated from 
above by quartz-halogen lamps. The optics of the light sources are designed so that the 
illumination in the process zone is highly uniform. Process gases such as Ar, N2, and 02 are 
regulated to flow through the furnace. The walls of the muffle are maintained cold by flowing 
N2 along the outside walls of the muffle. The spectrum, intensity, and duration of the incident 
flux are chosen for the specific application. Figure 3 shows typical process cycles using A1 
contacts for silicon solar cells with and without antireflection coating. As seen from this figure, 
the process is controlled in terms of the optical power delivered to the device. 
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RESULTS 


2?S taTSfSS' taSXtf f cycles - *r a *‘ ta "«« 3 ' 
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process time, one can control th^thickness of the allovZl i^hm^ 1118 *5 ^ght intensity, and the 

S^-JiSSJEu* S8PSS 
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The quality of the contacts formed by Optical Processing is extremal v hi oh c m tU . . . , 

“^ 0 n tet“ n th«m“n“ d 2° n a5 ' 10 °- cm "*** «• 4= "«&52 
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SPECIAL PROPERTIES OF METAL CONTACTS FORMED BY 
OPTICAL PROCESSING 

A. High reflectance ohmic contacts* 
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corresponding reflectivity for a conventionally processed contact is typically less than 50%. 
This figure also shows that aluminum remains highly reflective after optical processing. 

OpticaUtoSssi^ of a contact in the diffusion regime followed by a second process step 
involving melt regime) produces dry texturing of the interface with a highly reflectmg ohmic 
contact. Such a contact can efficiently scatter light to produce light trapping useful for tlun-film 
solar ceUs. Figures 10A, 10B, and 10C are the photographs of *e texture, produced under 
different process conditions, showing the control of the texture size and the density. Figure 1QD 
is a higher magnification photograph showing pyramid shape of the texture formed on a (100) 

silicon wafer. 

ADVANTAGES OF OPTICAL PROCESSING 

Advantages of Optical Processing over conventional processes include . 

• Because heating/melting initiates at the interface (and can be confined to a thm region 
at the interface), the effect of the impurities in the ambient gas(es) on the characteristics 
of the contact is minimal compared to either furnace processing or Rapid Therma 
Annealing (RTA). In Optical Processing the surfaces of the A1 contacts typically 
remain shiny and do not require further preparation for additional metallization, such as 

solder dip (see Figure 9); .... ,. rr 

• Optical Processing is a "cold wall" process which minimizes the impurity out-diffusion 

as well as permeation from furnace walls; 

• The process results in large-area uniformity of the alloyed/sintered layers. This feature 
is evidenced by the fact that the Si-Al contacts produced are free from the spikes and 
pitting produced by other processes; 

• The process requires much less power than furnace or RTA anneals; . 

. The process is rapid, has high throughput, and can make devices with unique 

characteristics; . . r 

• The process requires fewer steps than conventional approaches and results in signiiicant 

cost savings* t 

• Optical Processing allows control of dimensions both in depth and laterally. This is 
due, in part, to the fact that interactions can be induced to occur at considerably lower 
temperatures. This feature is important for VLSI and ULSI applications; 

• This technique lends itself to multi-layer contact formation. 

Optical Processing appears to have a strong commercial potential. This processing technique ^has 
already developed strong interest in the photovoltaic industry for commercial applications. This 
technology is also expected to have major applications in microelectronic device fabrication. 

ACKNOWLEDGEMENT 

The author would like to acknowledge many contributions to this work by , 

Asher, Robert Reedy, and Doug Rose of NREL This work was supported by Tec^otogy 

Maturation Fund and by the U.S. Department of Energy under contract # DE-AC02-83CH 10093. 

REFERENCES 

[1] L. Sardi, S. Bargioni, C. Canali, P. Davoli, M. Prudenziati and V. Valbusa, Solar Cells , Jl, 

[2] M. G. Coleman, R. A. Pryor, and T. G. Sparks, Proc. 14th IlffiE PVSQIVS (1980) 

[3] J. H. Wohlgemuth and S. Narayanan, Proc. 22nd IEEE PVSC , 273 (1991); and references 

r41 Fo/example, “Rapid Thermal and Integrated Processing,” edited by J C Gelpey, M. L. 
Green, R. Singh, and J. J. Wortman, Mat. Res. Soc. Symp. Proc. 224, (1991) 


210 



Incident Energy, W/cm2 


n 


♦ 


Al film 


p-type 
Si substrate 


Figure 1. Schematic of the solar cell 
configuration used for 
simultaneous contact formation 
by Optical Processing 
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Figure 2. Illustration of the use Optical Processing for the simultaneous 
formation of front and back contacts 
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Figure 5. High resolution XTEM image of the Si/Si-Al alloy, showing 
epitaxial growth of the alloy on the substrate 
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Figure 6. SIMS profiles of A1 and Si on the backside contact of a “strongly" 
processed sample: (a) as-formed; (b) after residual A1 was etched 



Depth: microns Depth: microns 

Figure 7. SIMS profiles of A1 and Si on the front contact of a “strongly" 

processed sample: (a) as-formed; (b) after residual A1 was etched 
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I-V characteristic of a 32.5 cm 
cell with contacts formed by 
Optical Processing 
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Figure 9. Reflectance plot of a high-reflectivity contact (a) from silicon side, 
(b) from A1 side 
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Figure 10. Photographs showing variation in the texture density and size 
due to different Optical Processing conditions (see text) 
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ABSTRACT 

We have developed an optical scanning system that generates maps of the spatial distributions of 
defects in single and polycrystalline silicon wafers. This instrument, called Scanning Defect 
Mapping System, utilizes differences in the scattering characteristics of dislocation etch pits and 
grain boundaries from a defect-etched sample to identify, and count them. This system 
simultaneously operates in the dislocation mode and the grain boundary (GB) mode. In the 
“dislocation mode,” the optical scattering from the etch pits is used to statistically count 
dislocations, while ignoring the GB’s. Likewise, in the “grain boundary mode” the system only 
recognizes the local scattering from the GB’s to generate grain boundary distributions. The 
information generated by this instrument is valuable for material quality control, identifying 
mechanisms of defect generation and the nature of thermal stresses during the crystal growth, 
and the solar cell process design. 


INTRODUCTION 

Crystal defects such as dislocations and grain boundaries strongly influence the performance of 
all electronic devices. The influence of defects is particularly important for solar cells because 
the commercial silicon solar cells are fabricated on low-quality material that contains high 
densities of defects and impurities. In the large-grain polycrystalline silicon substrates, used for 
commercial solar cells, the dominant defect appears to be the intragrain dislocations. A 
knowledge of the distribution of defects is necessary for the following reasons: (i) the 
distribution of defects reflects the nature of thermal stresses generated during the crystal growth. 
It is known that dislocation formation can take place when the magnitude of thermal stresses 
during the crystal growth exceeds the yield stress, (ii) the degree of degradation in the device 
performance due to defects depends on their distribution as well as their density. This is because 
the localized regions of high dislocation density can produce a significantly higher effect on the 
cell performance compared to a case if the dislocations were uniformly distributed over the cell 
area, (iii) a knowledge of the defect distribution can allow a better design of the cell and the cell 
fabrication processes, (iv) determination of the variations in the defect distributions from wafer- 
to-wafer, and from ingot-to-ingot are essential for material quality control. 

The two methods commonly used for determining the dislocation density in semiconductor 
materials are: X-ray topography and chemical etching. X-ray topography is typically only used 
for single crystal wafers of low dislocation density. The most commonly used method consists 
of etching the material in a chemical solution that produces etch pits at the dislocation sites. 
Subsequently, the etch pits are counted under an optical microscope. This procedure can be 
extremely tedious and time-consuming for large-area wafers (even with the help of image 
analysis attachments for the optical microscope). A similar procedure can be applied to 
polycrystalline silicon substrates. However, care must be exercised in selecting the suitable 
etches, because many of the etches do not work well for polycrystalline substrates. For example 
Wright and Dash etches produce etch pits of different shapes and sizes for different orientations 
(1,2). A unique etch, known as "Sopori etch," was formulated for polycrystalline silicon to 
produce etch pits of the same size on all orientations (3). This isotropic etch consists of 
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